All relevant data are available in the paper and in its Supporting Information file.

Introduction {#sec005}
============

The hemodynamic definitions of pulmonary hypertension (PH) in left heart disease have recently been modified in the European Guidelines to better match the characteristics required to reflect the presence of pulmonary vascular disease. Definitions now include the diastolic pressure gradient (DPG), reported to be a more stable hemodynamic parameter than pulmonary vascular resistances (PVR) or transpulmonary gradient (TPG) \[[@pone.0188383.ref001]\]. PVR and TPG alone may in fact over-diagnose or under-diagnose pulmonary vascular disease in left heart diseases associated with increased pulmonary venous pressure, since these metrics vary with cardiac output and left atrial pressure \[[@pone.0188383.ref002],[@pone.0188383.ref003]\].

Pulmonary arterial compliance (PCa) is increasingly recognized as a parameter of clinical and prognostic relevance in patients with different classes and forms of PH. A reduced PCa is a determinant of poor functional capacity in chronic thromboembolic PH \[[@pone.0188383.ref004],[@pone.0188383.ref005]\] and it is a marker of poor prognosis in patients with pulmonary arterial hypertension \[[@pone.0188383.ref006]--[@pone.0188383.ref009]\]. It has been suggested that a reduced PCa may be the most important hemodynamic feature in early stages of pre-capillary forms of pulmonary hypertension \[[@pone.0188383.ref010]\]. And it has been shown that a reduced PCa is of prognostic value in heart failure patients, both in those with elevated PVR and in those with normal PVR \[[@pone.0188383.ref011]--[@pone.0188383.ref014]\].

We tested the hypothesis that in heart failure patients with a hemodynamic profile characterized by combined post-capillary and pre-capillary PH (Cpc-PH), abnormalities in the stiffness of the pulmonary circulation would persist at 1 year after heart transplantation despite normalization of pulmonary artery wedge pressure. PCa was considered as the primary candidate parameter to reflect potential persistent hemodynamic alterations given the evidence of its critical prognostic role in all forms and stages of PH. The study took advantage of the unique opportunity offered by heart transplantation to observe the effects of a long lasting normalization of left ventricular filling pressures in patients with advanced heart failure.

Methods {#sec006}
=======

Study design {#sec007}
------------

We performed a retrospective analysis of right heart hemodynamics in a cohort of 295 patients with advanced left ventricular systolic dysfunction (LVSD) who underwent heart transplantation and, before and 1 year after surgery, right heart catheterization.

Patients {#sec008}
--------

Consecutive patients who survived at least one year after heart transplantation were included.

The inclusion criteria were left ventricular ejection fraction ≤ 35% and etiology due to ischemic or hypertensive heart disease or idiopathic dilated cardiomyopathy. Exclusion criteria were: organic valvular heart disease, previous surgery for valvular heart disease, other cardiomyopathies (such as restrictive or hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy).

Before transplantation, patients underwent right heart catheterization as part of the diagnostic protocol for heart failure evaluation and transplantation eligibility assessment; after transplantation, patients underwent the hemodynamic evaluation as part of the diagnostic protocol for the monitoring of organ rejection (which includes endomyocardial biopsy). None of the transplant donors were from a vulnerable population and all donors or next of kin provided written informed consent that was freely given. The investigation complied with the principles outlined in the Declaration of Helsinki; patients signed an informed consent and the study was approved by the Institutional Review Board of the Fondazione IRCCS Policlinico S.Matteo for observational, non-pharmacological, non-sponsored studies which complies with the Italian legislation on privacy (Codex on the Privacy, D. Lgs. 30/06/2003, n. 196).

The following right heart catheterization data were collected: pulmonary artery wedge pressure (PAWP); systolic, diastolic and mean pulmonary artery pressure (mPAP); pulmonary pulse pressure (PP); cardiac output (CO) evaluated by thermodilution; cardiac index (CI); stroke volume (SV) obtained dividing cardiac output by heart rate); right atrial pressure (RAP); TPG, calculated as mPAP---PAWP; and DPG calculated as diastolic PAP---PAWP; PVR, calculated as TPG/CO. PCa was estimated dividing the blood volume driven from each heart beat in the pulmonary vascular tree, namely the SV, by the corresponding change in the pulmonary artery pressure: PCa ≈ SV/PP \[ml/mmHg\]. According to the 2016 European Guidelines, Cpc-PH was defined as mPAP≥25 mmHg, PAWP\>15 mmHg, DPG≥7 mmHg and/or PVR\>3 WU, and isolated post-capillary PH (Ipc-PH) as mPAP≥25 mmHg, PAWP\>15 mmHg, DPG\<7 mmHg and/or PVR≤3 WU.

Statistical analysis {#sec009}
--------------------

Continuous data are presented as mean ± SD. Absolute changes in study endpoints with regard to 1 year post transplant were analyzed using an ANOVA with repeated measures and the Tukey honest significant difference (HSD) test was used to adjust for multiple comparisons. An improvement in pulmonary vascular compliance was defined as a compliance at follow-up (1 year) which is greater than at baseline. Statistical significance was set at a level of p \< 0.05. All statistical analyses were performed using R software (<http://www.R-project.org/>, version 3.1.0).

Results {#sec010}
=======

Hemodynamic changes after transplantation in the whole cohort {#sec011}
-------------------------------------------------------------

Overall, the baseline right heart hemodynamic profile was characterized by low CI, mild PH and slightly elevated PVR, with only a few (n = 14) patients who had a high DPG (i.e. ≥7 mmHg). [Table 1](#pone.0188383.t001){ref-type="table"} shows patients' hemodynamic data at baseline and at 1 year and the corresponding delta. In brief, CI normalized at 1 year after heart transplantation as well as systolic, diastolic and mean PAP and PVR; PCa increased significantly. Systemic blood pressure also substantially increased but systemic compliance did not change. The relationship between PCa and PVR showed a shift upward and leftward at 1 year after surgery ([Fig 1](#pone.0188383.g001){ref-type="fig"}).

10.1371/journal.pone.0188383.t001

###### Hemodynamic parameters in the whole cohort.

![](pone.0188383.t001){#pone.0188383.t001g}

                              Baseline       1 year         Δ *1 year---baseline*   time effect
  --------------------------- -------------- -------------- ----------------------- -------------
  Systolic BP, mmHg           103.8 (15.9)   137.1 (15.6)   33.4 (21.3)             \<0.001
  Diastolic BP, mmHg          67.5 (11.7)    88.4 (12.1)    21.1 (16)               \<0.001
  Heart Rate, bpm             76.3 (14.7)    84.0 (11.4)    7.9 (17.2)              \<0.001
  Mean BP, mmHg               79.6 (11.9)    104.3 (13.5)   24.8 (17.1)             \<0.001
  Systolic PAP, mmHg          43.2 (14.7)    24.5 (6.4)     -18.7 (14.7)            \<0.001
  Mean PAP, mmHg              29.6 (10.2)    15.1 (4.8)     -14.5 (10.6)            \<0.001
  Diastolic PAP, mmHg         20.4 (8.5)     7.9 (4.5)      -12.5 (9.2)             \<0.001
  TPG, mmHg                   8.4 (5.1)      7.7 (3.7)      -0.7 (5.9)              0.075
  DPG, mmHg                   -0.8 (5)       0.5 (3.5)      1.3 (6.2)               \<0.001
  Cardiac Index, L/min/m^2^   1.9 (0.5)      2.9 (0.6)      1 (0.8)                 \<0.001
  Cardiac Output, L/min       3.3 (0.9)      5.3 (1.2)      1.9 (1.4)               \<0.001
  RAP, mmHg                   7.8 (6.2)      3.7 (3.4)      -4 (6.7)                \<0.001
  PAWP, mmHg                  21.2 (9)       7.4 (4)        -13.8 (9.7)             \<0.001
  PVR, mmHg/(L/min)           2.8 (2.2)      1.6 (0.9)      -1.2 (2.3)              \<0.001
  Pulmonary Ca, ml/mmHg       2.5 (1.8)      4.3 (2.1)      1.7 (2.4)               \<0.001
  Systemic Ca, ml/mmHg        1.4 (0.6)      1.4 (0.5)      0 (0.7)                 0.702
  Stroke Volumeml             45.3 (15.5)    63.2 (14.8)    17.6 (18.6)             \<0.001

BP = blood pressure; PAP = pulmonary artery pressure; TPG = transpulmonary gradient: DPG = diastolic pulmonary gradient; RAP = right atrial pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; Ca = compliance.

![PCa vs. PVR data at baseline and after transplant in the entire cohort.\
Red dots indicate baseline values, green dots data at 1 month and blue dots data at 1 year after transplant.](pone.0188383.g001){#pone.0188383.g001}

Hemodynamic changes after transplantation in Cpc-PH vs. Ipc-PH {#sec012}
--------------------------------------------------------------

Seventy-five patients (25.4%) met the definition of Cpc-PH (mPAP\>25 mmHg, PAWP\>15 mmHg, DPG≥7 mmHg and/or PVR\>3 WU), and 111 patients (37.6%) met the definition of Ipc-PH (mPAP\>25 mmHg, PAWP\>15 mmHg, DPG\<7 mmHg and/or PVR≤3 WU). Ninety-eight patients (33.2%) had no PH. Eleven patients (3.7%) had a hemodynamic profile characterized by pre-capillary PH (mPAP\>25 mmHg, PAWP≤15 mmHg).

The hemodynamic data before and after transplantation in different hemodynamic subgroups are shown in [Table 2](#pone.0188383.t002){ref-type="table"}. Regardless of the hemodynamic profile at baseline, CI normalized after heart transplantation as well as PAWP, mean PAP and PVR. Systemic compliance did not change but PCa improved (as shown in [Fig 2](#pone.0188383.g002){ref-type="fig"}). [Fig 3](#pone.0188383.g003){ref-type="fig"} shows the scatterplot of individual PCa-PVR data at baseline and 1 year after transplantation in all subgroups of patients: after surgery, individual data were shifted upward and leftward along the regression line in the Cpc-PH and in the pre-capillary PH subgroups whereas there was an upward shift in the no-PH and the Ipc-PH subgroups.

10.1371/journal.pone.0188383.t002

###### Hemodynamic parameters at baseline and at 1 year in different hemodynamic subgroups.

![](pone.0188383.t002){#pone.0188383.t002g}

                              Baseline       1 year         Time effect    Group effect                                                                        
  --------------------------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- ------------- --------- ---------
  Systolic BP, mmHg           106.8 (17.3)   103.7 (14.4)   100.9 (15.3)   109.3 (16)     137.3 (15.7)   138.5 (17.1)   136.5 (14.7)   135 (14.5)    0.18      \<0.001
  Diastolic BP, mmHg          68.8 (11.8)    67.5 (11.5)    66.5 (11.6)    69.5 (11.7)    88.5 (12.8)    89.9 (12.2)    87.3 (11.2)    93 (11.8)     0.24      \<0.001
  Heart Rate, bpm             71.4 (13.4)    79.6 (15.3)    77.7 (14.5)    81.7 (14)      82.4 (11.3)    85.2 (11.9)    84.4 (11.4)    85.2 (10.2)   \<0.001   \<0.001
  Mean BP, mmHg               81.5 (12.7)    79.5 (11.4)    78 (11.1)      82.8 (12.4)    104.7 (12.9)   106.1 (12.6)   103.7 (11.1)   97.3 (34.1)   0.23      \<0.001
  Systolic PAP, mmHg          28 (7.9)       56.2 (10.9)    47.4 (8.1)     49.7 (16.2)    23.7 (5.4)     26.3 (7.1)     24 (6.6)       24.8 (6.1)    \<0.001   \<0.001
  Mean PAP, mmHg              18 (5)         39.1 (6.3)     33.4 (4.8)     32.7 (8.8)     14.7 (4.4)     16.4 (5.2)     14.6 (4.9)     14 (3)        \<0.001   \<0.001
  Diastolic PAP, mmHg         11.7 (4.7)     27.4 (6.5)     23.6 (5.3)     19.4 (7.6)     7.8 (4.6)      8.4 (4.3)      7.6 (4.6)      7.1 (3.4)     \<0.001   \<0.001
  TPG, mmHg                   6.3 (2.9)      12.2 (3.8)     6.3 (2.5)      20.6 (11.6)    7.2 (3.3)      8.7 (3.9)      7.3 (3.5)      7.2 (3.9)     \<0.001   \<0.01
  DPG, mmHg                   0 (3.2)        0.5 (5.3)      -3.5 (3.8)     7.3 (10.5)     0.3 (3.7)      0.8 (3.4)      0.4 (3.2)      0.3 (4.2)     \<0.001   \<0.001
  Cardiac Index, L/min/m^2^   2.1 (0.5)      1.6 (0.4)      1.9 (0.4)      1.6 (0.3)      2.9 (0.6)      2.8 (0.6)      3 (0.6)        2.5 (0.7)     \<0.001   \<0.001
  Cardiac Output, L/min       3.7 (1)        2.9 (0.8)      3.4 (0.9)      2.7 (0.7)      5.4 (1.2)      5.1 (1.1)      5.4 (1.3)      4.7 (1.4)     \<0.001   \<0.001
  RAP, mmHg                   4.7 (4.6)      9.3 (5.5)      9.4 (6.3)      10.3 (10.5)    3.9 (3.4)      3.6 (3.3)      3.8 (3.7)      2.3 (0.9)     \<0.001   \<0.001
  PAWP, mmHg                  11.7 (5.2)     26.8 (5.5)     27.1 (5.2)     12.1 (3.8)     7.5 (3.7)      7.6 (4.1)      7.3 (4.4)      6.8 (3.1)     \<0.001   \<0.001
  PVR, mmHg/(L/min)           1.8 (1)        4.3 (1.4)      1.9 (0.7)      8.5 (6.6)      1.4 (0.7)      1.8 (0.9)      1.4 (0.8)      1.7 (0.9)     \<0.001   \<0.001
  Pulmonary Ca, ml/mmHg       3.7 (2)        1.6 (1.2)      2.1 (1.1)      1.3 (0.6)      4.5 (1.8)      3.7 (1.4)      4.5 (2.6)      3.5 (1.5)     \<0.001   \<0.001
  Systemic Ca, ml/mmHg        1.5 (0.5)      1.1 (0.5)      1.5 (0.7)      1 (0.5)        1.4 (0.5)      1.3 (0.5)      1.4 (0.4)      1.4 (0.5)     \<0.001   0.98
  Stroke Volume, ml           52.6 (15.9)    38.2 (12.6)    45 (14.4)      34.7 (12.9)    65.4 (14.5)    60.5 (15.5)    63.9 (14.2)    55 (16.9)     \<0.01    \<0.001

BP = blood pressure; PAP = pulmonary artery pressure; TPG = transpulmonary gradient: DPG = diastolic pulmonary gradient; RAP = right atrial pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; Ca = compliance.

![PCa changes in the different patient subgroups.\
Four hemodynamic subgroups are shown: Cpc-PH, Ipc-PH, patients without PH (no PH) and patients with pre-capillary PH (preC-PH).](pone.0188383.g002){#pone.0188383.g002}

![PCa vs. PVR data at baseline and 1 year after transplantation in the different subgroups.\
Four hemodynamic subgroups are shown: Cpc-PH, Ipc-PH, patients without PH (no PH) and patients with pre-capillary PH (preC-PH).](pone.0188383.g003){#pone.0188383.g003}

Discussion {#sec013}
==========

The key finding of the present study is that 1 year after cardiac transplantation, PCa remained lower in Cpc-PH patients than in Ipc-PH patients and patients without PH, despite complete normalization of all hemodynamic parameters.

The measurement of pulmonary arterial compliance has recently gained interest, in particular in patients with PH, given its demonstrated clinical and prognostic significance. According to a simple but reliable model, the hemodynamics of the systemic and pulmonary arterial circulation may be described in terms of resistance (strongly dependent on vessel diameter and mainly located in the small arteries and arterioles) and compliance (mainly located in central capacitance arteries) \[[@pone.0188383.ref014],[@pone.0188383.ref015]\]. The major difference between the systemic and the pulmonary circulation is that in the former almost all compliance is central, whereas in the latter the compliance is more equally distributed over the whole system. As long as pulmonary venous pressure is low, the fact that compliance is equally distributed over the whole circulatory system determines a fixed coupling between resistance and compliance \[[@pone.0188383.ref016]\]. This may explain the observation that in such patients treatment with disease-specific drugs does not change significantly the product of PVR and PCa \[[@pone.0188383.ref010]\]. In patients with heart failure, the relationship between PCa and PVR is more complex than in patients with pre-capillary PH. When elevated, the PAWP amplifies peripheral pulse reflection, thereby augmenting systolic and mean pulmonary pressures and leading to a decline in total PCa \[[@pone.0188383.ref017]\]. Importantly, although the changes in PCa have been studied in patients treated for acute decompensated heart failure as well as in patients with chronic heart failure undergoing assist device implantation \[[@pone.0188383.ref012],[@pone.0188383.ref018]\], it has not yet been explored how PCa is affected by the long lasting normalization of right heart hemodynamics determined by successful cardiac transplantation.

The model of heart transplantation was already used 20 years ago to assess the nature of PH in patients with advanced congestive heart failure \[[@pone.0188383.ref019]\]. Despite the differences in the study protocol and, inevitably, in the pharmacological treatment that the two cohorts of patients received before and after transplant, the results of the present and of the previous study are remarkably similar. In both studies, transplantation was associated with proportional decreases of pulmonary artery and of pulmonary capillary wedge pressure, meaning that the severity of pulmonary hypertension in such patients is mainly determined by the elevated venous pressure. In addition, both studies observed that mild alterations in the pulmonary circulation can persist early and late after cardiac transplantation (abnormalities in PCa in the present study and abnormalities in the pulmonary vascular closing pressure in the previous study). Unlike the previous study, however, the present study suggests that there is a particular hemodynamic profile which is associated with persistent hemodynamic abnormalities, i.e. a Cpc-PH profile. In the present cohort of patients, this profile identified patients in whom, possibly due to a long history of left heart disease, the mechanical effects of chronic venous congestion caused an additional component of pulmonary vascular disease. Interestingly, a small subgroup of patients with advanced heart failure had a pure pre-capillary hemodynamic profile; this is likely to be the result of an aggressive diuretic and vasodilator treatment which normalized the post-capillary component but was unable to modify the pre-capillary component of PH; this group seemed to behave as the Cpc-PH group, but due to the small number of patients it was not specifically analyzed.

Limitations {#sec014}
-----------

This study included consecutive patients who were candidate for and underwent cardiac transplantation; patients with the most severe forms of PH, characterized by high levels of PVR and/or DPG, were not enrolled because currently these are hemodynamic contraindications to transplant surgery. Therefore, it was impossible to specifically explore the role of high DPG values, suggested to be a hemodynamic parameter specifically indicating heart failure patients with severe pulmonary vascular disease \[[@pone.0188383.ref003]\]. The prognostic role of high DPG is highly debated in the literature, but its diagnostic relevance has never been questioned \[[@pone.0188383.ref020]--[@pone.0188383.ref022]\]. This was a single center study based on a relatively low number of patients, which precluded the possibility of further analysis such as the evaluation of the impact of etiology, disease duration or of different treatments before transplantation. In addition, it would have been extremely interesting to explore the association of the lesser improvement in PCa in patients with Cpc-PH with morbidity and mortality after transplantation, even though the values of PCa observed after transplantation were well over the prognostic thresholds identified in heart failure patients \[[@pone.0188383.ref011]--[@pone.0188383.ref013]\]. However, the present study was not sized to explore such possibilities; future studies with larger sample size are necessary to test the hypothesis that a reduced PCa might predict cardiovascular events after heart transplantation. Finally, which type of pulmonary vascular disease is responsible for the persistent hemodynamic abnormalities remains unknown; unfortunately, few studies have analyzed pulmonary histopathology in Group 2 PH patients and no data have been published concerning its evolution after heart transplant \[[@pone.0188383.ref023]\].

Conclusions {#sec015}
-----------

The analysis of pulmonary arterial compliance in patients with advanced congestive heart failure suggests that a hemodynamic profile characterized by Cpc-PH is associated with the persistence of a stiffer pulmonary circulation at 1 year after transplantation.
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